Polyphenol-rich plant extracts might alleviate the negative impact of oxidative stress and inflammation, but careful phytochemical standardisation and evaluation of various mechanisms are required to fully understand their effects. In this context, flower extracts of Sorbus aucuparia L.-a traditional medicinal plant-were investigated in the present work. The LC-MS/MS profiling of the extracts, obtained by fractionated extraction, led to the identification of 66 constituents, mostly flavonols (quercetin and sexangularetin glycosides with dominating isoquercitrin), pseudodepsides of quinic and shikimic acids (prevailing isomers of chlorogenic acid and cynarin), and flavanols (catechins and proanthocyanidins). Minor extract components of possible chemotaxonomic value were flavalignans (cinchonain I isomers) and phenylamides (spermidine derivatives). As assessed by HPLC-PDA and UV-spectrophotometric studies, the extracts were polyphenol-abundant, with the contents up to 597.6 mg/g dry weight (dw), 333.9 mg/g dw, 382.0 mg/g dw, and 169.0 mg/g dw of total phenolics, flavonoids, proanthocyanidins, and caffeoylquinic acids, respectively. Their biological in vitro effects were phenolic-dependent and the strongest for diethyl ether, ethyl acetate, and n-butanol fractions of the methanol-water (7 : 3, v/v) extract. The extracts showed significant, concentration-dependent ability to scavenge in vivo-relevant radical/oxidant agents (O 2 •− (compared to ascorbic acid). Moreover, the extracts efficiently inhibited lipoxygenase and hyaluronidase (compared to indomethacin) but were inactive towards xanthine oxidase. At in vivo-relevant levels (1-5 μg/mL), they also effectively protected human plasma components (proteins and lipids) against ONOO --induced oxidative damage (reduced the levels of 3-nitrotyrosine, lipid hydroperoxides, and thiobarbituric acid-reactive substances) and normalised/enhanced the total nonenzymatic antioxidant capacity of plasma. In cytotoxicity tests, the extracts did not affect the viability of human PBMCs and might be regarded as safe. The results support the application of the extracts in the treatment of oxidative stress-related pathologies cross-linked with inflammatory changes.
Introduction
The regular intake of plant products rich in polyphenols is associated with the reduced risk of NCDs, including cardiovascular disease, atherosclerosis, age-related neurodegenerative disorders, diabetes, and some types of cancer [1] . In the treatment of NCDs that are often multicausal, combined therapies are usually most efficient, as they offer the advantage of additive and synergistic effects [2] . Complex chemical composition and relevant synergy of polyphenolic extracts are thus probably behind their ability to modulate multiple NCD-related pathologies. A pivotal role in the initiation and progression of NCDs is ascribed to the interdependent processes of oxidative stress and inflammation [3, 4] . As free radical scavengers, metal chelators, inhibitors of proinflammatory enzymes, and modifiers of cell signalling pathways, polyphenols may protect cells against oxidative stress-related damage and support normal cellular metabolism and functions [1] . Apart from their dietary role as constituents of fruits and vegetables, polyphenols attract increased attention as components of standardised plant extracts applicable in the adjuvant therapy of NCDs. Indeed, some selected extracts, for instance, those of hawthorn fruit/flower, grapevine leaf/seeds, olive leaf, and chokeberry fruit, have already been introduced worldwide as antioxidant nutraceuticals, and extensive research is being conducted to broaden the spectrum of the relevant plant-based products [5] .
Sorbus aucuparia L. (rowan, European mountain ash) is a wild rosaceous tree occurring and cultivated across Europe and Asia [6] . Flowers, leaves, and edible fruits (rowanberries) of S. aucuparia are traditionally used for diuretic, antidiabetic, anti-inflammatory, antiatherogenic, vasoprotective, vasorelaxant, and antidiarrheal properties [7, 8] . These activities are commonly linked with polyphenolic components, especially flavonoids (quercetin, kaempferol, and sexangularetin glycosides), anthocyanins (cyanidin glycosides), tannin-type proanthocyanidins, and caffeoylquinic acids (CHA isomers), forming unique and diversified profiles in particular organs and/or plant parts, among which the flowers are the least characterised [9] [10] [11] . The accumulating research indicates all rowan tissues as strong antioxidants [9, [11] [12] [13] and the flowers as exhibiting the highest total phenolic content (TPC) and superior activity parameters [13] . Our previous screening study revealed that, in terms of TPC values and antioxidant capacity, S. aucuparia flowers are in the top five of the twenty-four most ethnobotanically relevant raw materials in the large genus Sorbus [14] . Moreover, the TPC levels of the dry extracts of rowan flowers and especially their refined fractions of ethyl acetate and n-butanol were comparable with those observed for plant extracts effective in the prevention of oxidative stress-related ailments, such as grape seed, green tea, and green mate [10] . All these activity results, although promising, were obtained in simple chemical tests measuring only basic reducing capacity of the extracts towards transition metal ions and stable synthetic radicals (DPPH, ABTS) of relatively high molecular masses. However, in biological systems, oxidative stress is generated by low-molecular, short-lived ROS such as superoxide (O 2
•-), hydrogen peroxide (H 2 O 2 ), hydroxyl radical (HO 
, and hypochlorous acid (HClO) [3] . Moreover, the activity of polyphenols in cells, tissues, and body fluids depends on their affinity to proteins, which may significantly influence the bioavailability, antioxidant effectiveness, and interactions of polyphenols (usually inhibition) with enzymatic systems [15] . As some of the proinflammatory enzymes produce ROS or are secreted in response to ROS-dependent stimuli, their inhibition forms the bridge between antioxidant and anti-inflammatory activities of polyphenols [4] . On the other hand, some polyphenols may be cytotoxic towards mammalian cells, mainly by exhibiting prooxidant effects [16] .
Therefore, the objective of this study was to verify the antioxidant activity of the flower dry extract of S. aucuparia in different in vitro models including the chemically based tests towards six radical and nonradical oxidants of physiological significance and the biological model of human plasma exposed to oxidative/nitrative stress generated by ONOO -. Moreover, the potential inhibitory activity towards three proinflammatory and prooxidant enzymes (LOX, HYAL, and XO) and cellular safety of the extracts (cytotoxicity against human peripheral blood mononuclear cells) were also evaluated. All activity studies were performed for extracts standardised by comprehensive phytochemical profiling using complementary UHPLC-PDA-ESI-MS 3 , HPLC-PDA, and UV-spectrophotometric methods.
Materials and Methods

Plant Material and Extract Preparation.
Flowers of Sorbus aucuparia L. were collected and authenticated in May 2015 in the Arboretum (51°49 ′ N, 19°53 ′ E), Forestry Experimental Station of Warsaw University of Life Science (SGGW) in Rogow (Poland). The raw material was dried under normal conditions, powdered with an electric grinder, and subjected to fractionated extraction as previously described [10] to obtain the basic extract MED and its DEF, EAF, BF, and WR fractions. The organic solvent extracts were evaporated in vacuo, and the water-containing fractions were lyophilized using an Alpha 1-2/LD Plus freeze dryer (Christ, Osterode am Harz, Germany) and stored at 4°C. In further analyses, freshly prepared solutions of the extracts in methanol-water (7 : 3, v/v) were used. All quantitative results were calculated per extract dw.
Phytochemical Standardisation. The qualitative profiling (UHPLC-PDA-ESI-MS
3 analysis) of the extracts was performed on a UHPLC-3000 RS system (Dionex, Dreieich, Germany) equipped with a dual low-pressure gradient pump, an autosampler, a column compartment, a diode array detector, and an AmaZon SL ion trap mass spectrometer with an ESI interface (Bruker Daltonik, Bremen, Germany). Separations were carried out on a Kinetex XB-C18 column (1.7 μm, 150 mm × 2 1 mm i.d.; Phenomenex, Torrance, CA, USA) at 25°C. The mobile phase consisted of solvent A (water/acetonitrile/formic acid, 95 : 5 : 0.1, v/v/v), and solvent B (acetonitrile/formic acid, 100 : 0.1, v/v) with the elution profile as follows: 0-45 min, 6%-26% B (v/v); 45-55 min, 26%-95% B; 55-63 min, 95% B; 63-70 min, 95%-6% B; and 70-80 min, 6% B (equilibration). All solvents (Avantor Performance Materials, Gliwice, Poland) were of HPLC-grade purity. The flow rate was 0.3 mL/min. Before injection, sample solutions of the extracts (3.0 mg/mL) were filtered through a PTFE syringe filter (13 mm, 0.2 μm, Whatman, Pittsburgh, PA, USA). UV-Vis spectra were recorded over the range of 200-600 nm. The LC eluate was introduced directly into the ESI interface without splitting and analysed in a negative ion mode. The ESI parameters are as follows: the nebulizer pressure was 40 psi; dry gas flow 9 L/min; dry temperature 300°C; and capillary voltage 4.5 kV. MS 2 and MS 3 fragmentations were obtained in Auto MS/MS mode for the most abundant ions at the time. Analysis was carried out using scan from m/z 200 to 2200.
The total phenolic contents (TPC) and total proanthocyanidin contents (TPA) were quantified by the Folin-Ciocalteu and n-butanol-HCl methods, respectively, as described previously [10] . Results were expressed as equivalents of gallic acid (GAE) and cyanidin chloride (CYE), respectively.
The quantitative HPLC-PDA-fingerprint assays were performed according to Olszewska et al. [10] using the same equipment and procedure. The phenolic analytes were quantified as equivalents of HPLC-pure external standards (Sigma-Aldrich, Seelze, Germany/St. Louis, MO, USA): flavan-3-ols, flavalignans, and proanthocyanidins as ECA; hydroxybenzoic acids as protocatechuic or p-hydroxybenzoic acids; monocaffeoylquinic acid isomers as CHA; dicaffeoylquinic acid isomers as cynarin; hydroxycinnamic acid derivatives including spermidine isomers as caffeic or p-coumaric acids; flavonoid monoglycosides as IQ; flavonoid diglycosides as RT; and flavonoid aglycones as QU, depending on the PDA spectra.
Antioxidant Activity Assays against Multiple Oxidants.
The antioxidant activity was evaluated in vitro by different spectrophotometric and fluorimetric methods following reported literature and using microplate readers SPECTROstar Nano (BMG Labtech, Ortenberg, Germany) and Synergy HTX (BioTek, Winooski, VT, USA). The scavenging efficacy towards O 2
•− was evaluated in a xanthine/xanthine oxidase system with nitrotetrazolium blue chloride (NBT) used for detection according to Michel et al. [17] . The ability to scavenge HO
• was assayed by the method of Fu et al. [18] with the level of HO
• (generated in Fenton reaction) monitored in the presence of salicylic acid. The NO
• -scavenging activity was evaluated according to Czerwińska et al. [19] using diaminofluorescein-2 as NO
• probe. The reducing activity towards H 2 O 2 was determined following the method of Banothu et al. [20] through direct measurement of the oxidant's absorbance. The ability to scavenge ONOO − was determined by the measurement of the inhibition of Evans blue dye oxidation according to Krzyzanowska-Kowalczyk et al. [21] . The HClO-scavenging effect was assayed by the method of Czerwińska et al. [19] with 5-thio-2-nitrobenzoic acid used for detection. The results of triplicate determinations were expressed as SC 50 values (defined as the concentration sufficient to obtain 50% of a maximum scavenging capacity), calculated from concentration-inhibition curves, and recalculated into equivalents of AA and TX. All reagents and standards for the assays were obtained from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA). )-free phosphate-buffered saline (PBS; 1 : 4, v/v) purchased from Biomed (Lublin, Poland), whereas for LOOH and TBARS assays, plasma was diluted with (Ca 2+ )-free PBS in a volume ratio 1 : 1. All samples were preincubated for 5 min at 37°C with the examined extracts added to the final concentration range of 1-50 μg/mL and then exposed to 150 μM (the FRAP assay) or 100 μM (the remaining experiments on blood plasma) of ONOO -. Control samples were prepared with plasma untreated with the extracts and/or ONOO -. In the experiments with blood plasma and the extracts only (without adding ONOO -), no significant differences (p > 0 05) were found between the levels of the tested biomarkers in the plasma samples incubated with the extracts and control (untreated) serum. Protein concentration in blood plasma was estimated using the bicinchoninic acid (BCA) assay with the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer protocol. ONOO -was synthesised as reported earlier [21] . All tests in blood plasma were conducted using 96-well plates and a microplate reader, SPECTROstar Nano (BMG Labtech, Ortenberg, Germany).
Antioxidant Activity in
Determination of 3-NT in Plasma
Proteins. Detection of 3-NT-containing proteins by the competitive ELISA (C-ELISA) method in plasma samples (control or antioxidants and ONOO --treated plasma) was performed according to Kolodziejczyk-Czepas et al. [22] using immunoreagents purchased from Abcam (Cambridge, UK). The concentrations of nitrated proteins were estimated from the standard curve of nitrated fibrinogen (Fg) and expressed as the 3NT-Fg equivalents (in nmol/mg of plasma protein).
Determination of LOOH in Plasma
Lipids. Concentration of hydroperoxides in plasma samples (control or antioxidants and ONOO --treated plasma) was determined by the ferric-xylenol orange (FOX-1) protocol according to Kolodziejczyk-Czepas et al. [22] . The FOX-1 reagent contained 125 μM xylenol orange and 100 mM sorbitol in 25 mM sulphuric acid and was freshly prepared each time before use by the addition of ammonium ferrous sulphate to the final concentration of 250 μM. All reagents were purchased from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA). To perform the assay, blood plasma samples were mixed with the reagent in a volume ratio 1 : 9 and incubated for 30 min in the dark (25°C). Absorbance of the samples was measured at 560 nm against blank (water instead of the plasma). The amount of lipid hydroperoxides was calculated from the standard curve of hydrogen peroxide and expressed in nmol/mg of plasma proteins.
TBARS Test. Determination of TBARS in plasma samples (control or antioxidants and ONOO
--treated plasma) was performed according to Kolodziejczyk-Czepas et al. [23] . 2-Thiobarbituric acid and other reagents were purchased from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA). Results were expressed in μmol TBARS/mL of plasma.
2.4.5. FRAP Assay. The influence of the extracts on the NEAC of plasma was determined according to Kolodziejczyk-Czepas et al. [24] with some modifications. The plasma samples prepared as described above were added to the reagent mixture in a volume ratio of 1 : 10 : 1 : 1 for plasma, acetate buffer (300 mM, pH 3.6), TPTZ (2,4,6-tris-(2-pyridyl)-s-triazine; 10 mM, in 0.04 M hydrochloric acid), and ferric chloride (20 mM), respectively. After incubation for 15 min at 37°C, the measured FRAP of plasma samples (control or antioxidants and ONOO --treated plasma) was expressed in millimolar equivalents of ferrous (Fe 2+ ) ions calculated from the calibration curve of ferrous sulphate. All reagents were purchased from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA).
Inhibition of Proinflammatory Enzymes.
The ability of the extracts to inhibit LOX and HYAL was examined according to Matczak et al. [25] . The inhibitory activity towards XO was analysed according to Michel et al. [17] . All reagents and standards for the study including IND, bovine testis HYAL, LOX from soybean, and XO were purchased from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA). Results were expressed as IC 50 values calculated from concentration-inhibition curves.
2.6. Cellular Safety Studies. Cytotoxicity of the examined extracts was determined in an experimental model of PBMCs. Cells were isolated from human blood using the Histopaque®-1077 medium purchased from Sigma-Aldrich (Seelze, Germany/St. Louis, MO, USA) as a sterile solution of polysucrose (57 g/L) and sodium diatrizoate (90 g/L) with a density of 1.077 g/mL. From each of the six donors, two independent PBMC isolations and incubations with the extracts were performed. Blood was carefully layered (in a volume ratio of 1 : 1) onto the medium and centrifuged for 30 min (400×g, at room temperature). Then, the pellet was washed two times with 0.02 M PBS buffer. The obtained fraction of PBMCs was suspended in PBS. Cell suspensions (1 × 10 6 PBMCs/mL) were incubated for 1 and 2 h with plant extracts added to the final concentration of 5 and 50 μg/mL (at 37°C). Cell viability (%) was determined during a spectrofluorimetric analysis, involving the use of propidium iodide as a fluorescent dye. Measurements were conducted using a microchip-type automatic cell counter Adam-MC DigitalBio (NanoEnTek Inc., Seoul, Korea) according to the manufacturer's protocol. Additionally, the PBMCs, isolated as described above, were suspended in the RPMI-1640 medium (3 × 10 6 PBMCs/mL) and incubated with the extracts (5-50 μg/mL) for 24 h (in 96-well microplates, at 37°C, in a humidified atmosphere). Measurements were carried out analogously as described above.
Data Analysis.
The results were reported as means ± SD (standard deviation) or ± SE (standard error) for the indicated number of experiments. The significance of differences between samples and controls was determined with one-way ANOVA (for chemical tests) or one-way ANOVA for repeated measures (for human plasma model), followed by post hoc Tukey's test for multiple comparisons. The correlations were evaluated using an F-test. All calculations were performed using the Statistica12Pl software for Windows (StatSoft Inc., Krakow, Poland) with p values less than 0.05 regarded as significant.
Results
Phytochemical Profiling.
The LC-MS analysis revealed significant, extraction solvent-dependent differences in the chemical composition of the extracts ( Figure 1 , Table 1 ). The assay enabled the detection of 72 phenolic components (UHPLC peaks 1-72), the structures of 66 of which were fully or tentatively characterised based on the comparison of their chromatographic behaviour and ESI-MS 3 fragmentation patterns (in a negative ionisation mode) with the literature data [11, [26] [27] [28] [29] [30] [31] [32] [33] or reference standards, both commercial and isolated previously in our laboratory from various Sorbus species [34, 35] . The analytes represented a wide range of polyphenolic classes, including flavonols, pseudodepsides of quinic acid and shikimic acid, flavan-3-ol derivatives (catechins and proanthocyanidins), simple phenolic acids, phenylamides, flavanones, and flavalignans. The greatest chemical diversity was observed for MED, while its fractions (DEF, EAF, BF, and WR) obtained after sequential liquid-liquid partitioning were enriched in selected constituents, depending on the fractionation solvent. Among the analytes, only CHA (7) was found in all extracts. The fractionation has influenced also the quantitative profiles of the extracts ( Table 2 ). The TPC levels determined by the Folin-Ciocalteu assay varied in a wide range of 111.7-597.6 mg GAE/g dw with the highest value observed for EAF. The primary constituents of the basic extract MED were mono-and dicaffeoylquinic acids with the dominating CHA and flavonol mono-and diglycosides with the prevailing IQ (35) . In accordance with their polarity, flavonol monoglycosides were concentrated mainly in EAF and DEF, flavonol diglycosides in BF, and monocaffeoylquinic acids (CHA isomers) in BF and WR, while dicaffeoylquinic acids (cynarin isomers) and simple phenolic acids in DEF. The total contents of phenolics (TPH), calculated as a sum of individual analytes quantified by RP-HPLC-PDA, were in the range of 82.7-554.0 mg/g dw, with the highest concentration observed still for EAF. The TPH values were, however, significantly lower than the TPC levels. This difference might be related to the presence of proanthocyanidins-the compounds occurring in plants at various degrees of polymerisation and measureable by RP-HPLC only in the form of oligomers built from less than four flavan-3-ol monomers. Within this group, only low levels of flavan-3-ols (peaks: 6, 12, 32, 38) and B-type proanthocyanidin dimers (peaks: 2, 4, 10, and 37) were observed in the extracts. In consequence, the total contents of proanthocyanidins (TPA) determined by the n-butanol/HCl assay (11.4-380.2 mg CYE/g dw) might be considered as a measure of the content of higher flavan-3-ol oligomers.
Antioxidant Activity Assays against Multiple Oxidants.
All of the investigated extracts showed significant and concentration-dependent ability to scavenge the six most common in vivo-relevant ROS ( Figure 2 ). In terms of AA (primary antioxidant in human plasma) equivalents, the strongest effects were revealed towards OH
• , ONOO -, and HClO, while with the reference to TX (a synthetic analogue of vitamin E) towards OH . In five of the tests (except the HClO-scavenging), the extract activity decreased in the same order, i.e., EAF>DEF>BF>-MED>WR and significantly correlated (p < 0 05) with the amounts of polyphenols, i.e., TPC (r > 0 86) and/or TPH (r > 0 88) values (Table 3 ). In the O 2
, and ONOO --scavenging assays, the significant influence of total flavonoids (TFL; r > 0 88), total low-molecular-weight proanthocyanidins (TLPA; r > 0 83), and/or total caffeic acid derivatives (TCFA; r > 0 91) was also evidenced. In the case of HClO, the activity order was slightly different, i.e., DEF>BF≥EAF>MED>WR, but the correlation with the TPC levels was still significant (r = 0 96). As no correlation was found between the antioxidant activity parameters and TPA values, the extract effects might be attributed mainly to low-molecular-weight polyphenols, detectable by RP-HPLC. Indeed, the simultaneous analysis of model extract constituents, representing the main groups of Sorbus polyphenols (QU, RT, ECA, PB2, and CHA), revealed their high scavenging efficiency towards the analysed ROS, similar in terms of the order of magnitude to the most active extracts (Figure 2 ).
Protective Effects on Human Plasma Components. The addition of ONOO
-(100-150 μM) to the plasma samples induced oxidative stress resulting in a considerable (p < 0 001) oxidative and nitrative damage to blood plasma components, confirmed by the measurements of specific biomarkers of protein nitration (3-NT, Figure 3 . In comparison to the control plasma, in the ONOO --treated samples, the NEAC was diminished by about 15%, and the oxidative damage was evidenced by an approximately 3.5-fold, 11-fold, and 2-fold increase in the levels of 3-NT, LOOH, and TBARS, respectively. In plasma samples incubated with ONOO -in the presence of the analysed extracts (at 1-50 μg/mL), the rate of oxidative and nitrative damage was significantly reduced (Figures 3(a) -3(c); p < 0 05). The antinitrative activity of the extracts was solvent-dependent, and the strongest effects were observed for MED, DEF, and EAF, with the highest inhibitory percentage (49%) found for EAF at 50 μg/mL (Figure 3(a) ). However, even at the lowest concentration (1 μg/mL), these three extracts were able to diminish effectively (by about 24-33%) the ONOO --induced protein nitration. Moreover, the antinitrative effects of the extracts were dose-dependent (except those of MED) and phenolic--dependent, which was evidenced by significant (p < 0 05) correlations between percentage inhibition of tyrosine nitration and phenolic contents (Table 4) , especially the TCFA levels (r = 0 8220). All of the tested extracts protected also the plasma lipids against ONOO --caused peroxidation (Figures 3(b) and 3(c); p < 0 05), regardless of the concentration levels. The strongest inhibitory effects-in the range of 21-35% at 1 μg/mL-were revealed for the formation of LOOH that reflected the first stage of the peroxidation process. The influence of the extracts on the generation of TBARS, which measured the final stadium of the process, was slightly lower (11-32% of inhibition at 1 μg/mL). The dose dependence was evident only for some of the extracts (e.g., for MED and DEF in the LOOH test), and the impact of phenolics was statistically proved (p > 0 05) only for the LOOH levels. In contrast, the ability of the extracts to normalise and/or enhance the NEAC status of plasma (Figure 3(d) ) was strongly dose-dependent, and thus strong and statistically significant (p < 0 05) relationships were found between the percentage increase in the FRAP values of the oxidised plasma and the phenolic contents (Table 4) , especially the TPC levels (r = 0 9864).
The observed effects of the extracts were in general comparable to (p > 0 05) or higher (p < 0 05) than those of positive phenolic standards-RT, CHA, and TX (Figures 3(a)-3(d) ) applied at the same concentration. Even the activity of QU, one of the most powerful natural antioxidants, did not differ significantly (p > 0 05) in the majority of the tests from that observed for the most effective extracts (Figures 3(a)-3(c) ). Only in the FRAP assay, two of the standards-QU and CHA-enhanced the NEAC of plasma more strongly than the extracts at the corresponding concentration ( Figure 3(d) ; p < 0 05). Figure 1 : Representative UHPLC chromatograms at 280 nm of (a) DEF and (b) EAF extracts of S. aucuparia flowers. Peak numbers refer to those implemented in Table 1 . BF, not differing significantly in activity) the most effective towards LOX. Moreover, BF was a stronger HYAL inhibitor than all standards including IND, a potent nonsteroidal anti-inflammatory drug. In the LOX test, the activity of the most effective extracts was intermediate between that of IND and that of most of the phenolic standards except QU. The responses in this test were strongly TPC-dependent (r = -0 9733, p < 0 01) with some effects demonstrated for the main groups of phenolics, including TFL (r = −0 7379, p = 0 16), TCFA (r = -0 6844, p = 0 20), and TPH (r = -0 7694, p = 0 13). On the other hand, the activity of the extracts in the HYAL test was only slightly related to the TPA (r = -0 7927, p = 0 11) and not connected with the TPC levels (r = -0 0565, p = 0 93). Nevertheless, similar IC 50 values obtained for the extracts and most of the model polyphenols (p < 0 05) might indicate strong synergic effects between the extract components. In contrast to their inhibitory potential towards LOX and HYAL, the extracts did not influence XO, the activity of which, in the presence and absence of the extracts in a wide range of concentrations, did not differ significantly (p > 0 05; results not shown).
Influence of the Extracts on Cell
Viability. The potential cytotoxicity of the extracts was evaluated in a model of PBMCs after 1-24-hour incubation with the extracts at 5-50 μg/mL. Regardless of the incubation time and extract concentration, the viability of the PBMCs treated with the extracts constituted 93.5-100.5% of that of the control (untreated) samples. Cellular safety of the extracts was evidenced by the lack of significant differences (p > 0 05) between the respective results ( Figure 4 ).
Discussion
Standardised dry extracts from dietary and medicinal plants constitute the basis of modern phytotherapy as they contain concentrated active components and provide higher therapeutic effectiveness than unprocessed plant materials. Our previous studies had demonstrated that S. aucuparia flower is a promising candidate for cost-effective production of dry extracts rich in polyphenols [10, 14] , but their phytochemical profiles and biological effects have remained inadequately recognised. In the present work, after fractionated extraction (which enabled enrichment of phenolic subfractions in active ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX  ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX  ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX   ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX  ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX  ME  DEF  EAF  BF  WR  QU  RT  CHA  ECA  PB2  AA  TX   OHȮ constituents) and subsequent LC-MS/MS profiling, we were able to detect and fully or tentatively identify 66 flower components, among which 52 and 50 structures were found for the first time in the analysed plant material and in the species S. aucuparia, respectively (Table 1 ). In contrast, only 17 constituents were observed earlier in the leaves [11] and 24 in the fruits of rowan [9] . A distinctive feature of the flower extracts was a vast diversity of the flavonol fraction (24 peaks) and high abundance of sexangularetin (8-methoxykaempferol) glycosides. As the derivatives of this flavonol are typical of bee pollen of rosaceous plants [36] , they might be considered as a valuable marker for the identification of the origin of the extracts from the flowers. Flower-specific are also phenylamides (tricoumaroyl-and dicoumaroyl-caffeoyl spermidine isomers). This type of N-acylated biogenic amines, described here for the first time in the genus Sorbus, is usually reported in floral buds and reproductive organs with the suggested role in plant growth, flower development, and antimicrobial defence [33] . High analytical and chemotaxonomic value might be also ascribed to other new Sorbus constituents-flavalignans (three cinchonain I isomers). These compounds are phenylpropanoid-substituted flavanols in which two phenolic units are coupled by a two-bond lignin-like linkage [37] . Flavalignans are rare in nature, having been previously found, among others, in some species of Acer, Cinchona, and Trichilia [32, 37] . Although in the analysed Sorbus extracts flavalignans occurred at relatively low levels, the accumulated knowledge on their bioactivity suggests that by the additive and/or synergistic effects, they might influence the biological capacity of the extracts. According to Control  ONOO  RT  QU  TX  CHA  1  5  50  1  1  5  50  1  5  50  1  5  50  5 50 Figure 3 : Effects of S. aucuparia flower extracts on human plasma exposed to oxidative stress: (a) effects on the nitration of plasma proteins and formation of 3-NT; (b, c) effects on the peroxidation of plasma lipids and formation of (b) LOOH and (c) TBARS; (d) effects on NEAC of plasma (measured by FRAP). Results presented as means ± SE (n = 12). Statistical differences: ### p < 0 001 for control plasma versus ONOO --treated plasma (without the extracts); * p < 0 05, * * p < 0 01, and * * * p < 0 001 for ONOO --treated plasma in the presence of the extracts (1, 5, or 50 μg/mL) or standards (5 μg/mL) versus ONOO --treated plasma in the absence of the extracts. Tang et al. [37] , cinchonain I isomers are strong antioxidants, and their antiradical properties (towards DPPH) are up to four times stronger than those of (+)-catechin-one of the most effective antioxidants in vitro and in vivo [38] . Indeed, the cinchonains were concentrated in the most active fractions DEF and EAF ( Figure 1 , Table 2 ). The quantitative survey of the Sorbus extracts revealed remarkable constancy of their polyphenolic profiles, reflected in similar levels of the main active components in flowers harvested in different years, i.e., 2009 [10] and 2015 (the present work). For example, the levels of TPC, TPA, TFA, and TCHA in the 2009 sample were 211.7, 111.6, 58.3, and 65.6 mg/g dw [10] , while those reported here for the 2015 sample were 221.9, 110.9, 40.0, and 86.7 mg/g dw, respectively ( Table 2 ). The intersample variations might be caused in part by different environmental (climatic) conditions in the year of harvest and in part by differences in the applied analytical protocols. For instance, the use of MS/MS detection in the present work enabled the identification of dicaffeoylquinic acid isomers, which then could have been accurately quantified using an authentic standard of cynarin ( Figure 1, Table 2 ) instead of caffeic acid applied earlier [10] . Nevertheless, the relative stability of the chemical composition of the extracts indicates their great potential for industrial and phytotherapeutic applications.
The cooccurrence of high levels of flavonols and caffeic acid pseudodepsides in the investigated extracts suggests their possible significant biological effects in NCDs. Flavonols, especially QU glycosides, show a wide range of biological activities and are considered the most active compounds among flavonoids [39] . Their beneficial effects in NCDs depend largely on the nature of sugar units attached to the aglycones and on the other components of the plant matrix (emulsifiers) which may affect the solubility and bioavailability of the individual glycosides. One of the most effective flavonols is IQ, the bioavailability of which was up to 2.4-fold higher than that of QU and up to 6.4-fold higher than that of RT-the most abundant flavonoid in nature [40] . In consequence, ingestion of IQ as a pure compound (a 150 mg dose in humans) or in the plant matrix (a 62 mg/kg dose in rats) resulted in the plasma levels up to 5 μM (1.5 μg/mL) or 9.3 μM (2.8 μg/mL) of QU equivalents, respectively [40, 41] . Due to the advantageous bioavailability, IQ has been attracting increased attention, and its antioxidant, anti-inflammatory, anticarcinogenic, cardioprotective, antidiabetic, antiallergic, and neuropharmacological activity have been demonstrated ex vivo and in vivo [40] . Although IQ is widely distributed, its content in plant extracts is usually low; e.g., in the leaf extract of Morus alba, it amounts to 38.1 mg/g dw [40] . With the IQ levels up to 155.2 mg/g dw in EAF, the flower dry extracts of S. aucuparia appear thus promising sources of this valuable compound. Worth noting is also the abovementioned abundance of sexangularetin 3-glucoside in the analysed extracts (Table 2) . Methoxylated flavonoids display improved intestinal absorption and enhanced resistance to the intestinal and hepatic metabolism and can be accumulated in mammalian tissues at up to 3.5-fold higher levels than their hydroxylated counterparts [42] . The relatively high bioavailability is also reported for caffeoylquinic acids, the dominant constituents of the Sorbus extracts. The plasma level of total monocaffeoylquinica acids and CHA after ingestion of green coffee bean extract may reach up to 14.8 μM (5.2 μg/mL) and 5.9 μM (2.1 μg/mL), respectively [43] . The best known source of these compounds is green coffee. The green coffee bean extract, standardised for total caffeoylquinic acids not less than 250 mg/g dw, is indicated mainly in the treatment of NCDs as antiatherogenic, antihypercholesteraemic, choleretic, antiobesity, hepatoprotective, and cardioprotective agent [44] . With the TCHA levels up to 169.0 mg/g dw (Table 2) , the dry Sorbus extracts might be thus expected an attractive alternative for similar applications. The dominant groups of flavonols and caffeoylquinic acids were accompanied in the analysed extracts by flavanols and proanthocyanidins (Table 2) , known antioxidant and Results are presented as means ± SD (n = 3) calculated per dry weight of the extract or standard. For extract codes, see Table 1 . Different superscripts in each column indicate significant differences in the means at p < 0 05. * , * * Inhibition concentration (amount of analyte needed for 50% inhibition of enzyme activity) expressed as follows:
* in μg of the dry extract or standard/mL of the enzyme solution;
* * in μg of the extracts/enzyme unit (U).
anti-inflammatory plant constituents acting predominantly within the vascular system or the gastrointestinal tract, depending on the molecular mass and bioavailability [45] . The beneficial effects of proanthocyanidins in NCDs are attributed mainly to low-molecular-weight compounds and their ability to inhibit lipid peroxidation, reduce serum concentrations of proinflammatory cytokines and related inflammation of blood vessel walls, diminish capillary fragility and permeability, and decrease blood pressure [45] . As this group occurs in the analysed Sorbus extracts at relatively low levels, its possible influence on the extract activity in vivo is expected to be inferior to that of the dominant flavonols and caffeoylquinic acids. Nevertheless, considering possible additive and/or synergistic effects, the composition of the leaf extracts appears to be promising in the context of their potential application as antioxidant and anti-inflammatory agents, especially in the prevention of NCDs.
In our previous works, we had reported strong antiradical activity of the flower extracts of S. aucuparia towards synthetic free radicals: DPPH and ABTS, as well as their FRAP reactivity and ability to inhibit linoleic acid peroxidation in nonbiological systems [10, 14] . The present study investigated the interactions of the extracts with six radical and nonradical ROS involved in generation of oxidative stress in vivo. The primary ROS expressed by the human cells, e.g., by stimulated neutrophils during the inflammatory process, is O 2
•- [3] . The ROS-mediated oxidative damage to biomolecules in vivo may result from the overproduction of O 2 The most stable and diffusive form of ROS is H 2 O 2 , the harmful effects of which are connected with its selective reactivity with cysteine residues in proteins and ability to generate OH
• , the most reactive species in chemistry, able to attack and damage almost every molecule in the living cell [3, 46] . Highly destructive and nonselective oxidants are also HClO, the key antimicrobial agent involved, however, in the pathogenesis of many diseases, and ONOO -. The latter one, formed in the reaction between O 2
•-and NO
• , causes protein nitration-one of the most dangerous processes in the cells [47] . The case of NO
• is a good example of a dual nature of ROS. When produced by endothelial NO synthase (eNOS) in the vessel endothelium, it plays an important role in vessel dilatation and inflammatory protection (inhibition of leukocyte adhesion), but if synthesised in stimulated macrophages by inducible NO synthase (iNOS), it makes contact with O 2
•-and rapidly forms the toxic ONOO - [48] . We found that the Sorbus extracts were able to inactivate all of the abovementioned ROS of physiological importance, and the effectiveness of the most active analytes was comparable to that of AA-the primary antioxidant of human plasma (Table 3) . The correlation studies and experiments with the model compounds proved that the observed effects are determined by polyphenols (Table 4 ). The polyphenol-rich Sorbus extracts might be therefore expected to reduce the consequences of oxidative stress in biological systems.
This hypothesis was verified in an in vitro model of human plasma exposed to oxidative stress. The stress conditions were induced by ONOO -, one of the strongest oxidative and nitrative agents operating in vivo, involved in the pathophysiology of various inflammatory, neurodegenerative, metabolic, and especially cardiovascular disorders [49] . Although it is a short-lived oxidant, it easily crosses biological membranes and generates or decomposes into highly reactive ROS, such as OH
• , CO 3
•-, NO
• , or • NO 2 , forming an aggressive cocktail of oxidants able to interact with the most critical biomolecules including plasma proteins and lipids [47] . The destructive effect of ONOO -is reflected, among others, in the increased plasma levels of nitrative/oxidative stress biomarkers such as 3-NT, LOOH, or TBARS and in the decrease of the NEAC of plasma [50] . The levels of these parameters have been connected with the progress or worse prognosis of many NCDs, including cardiovascular events, hypertension, diabetes, rheumatoid arthritis, chronic hepatitis, multiple sclerosis, and Alzheimer's disease [51] .
In our experimental model, the plasma samples were treated with 100-150 μM ONOO -(depending on the test), which was sufficient to induce measurable changes in the levels of the oxidative stress biomarkers. Moreover, the applied concentrations correspond to the levels of ONOO -that can be reached in vivo in local compartments, e.g., during a serious inflammation of blood vessels [47] . The results indicated that the extracts might indeed have a beneficial impact on the plasma antioxidant status and protect its components against the harmful effect of oxidative stress (Figure 2 ). The significant effects obtained for the model extract constituents and the results of correlation studies (Table 5) suggest that low-molecular-weight polyphenols play a crucial role in the observed activity. On the other hand, worse correlation parameters and weaker dose dependency than observed in nonbiological models might indicate the impact of some other factors, such as the interactions between endogenous plasma constituents and the Sorbus phenolics. For example, the binding of polyphenols to proteins may suppress their antioxidant properties, and these masking effects may depend both on proteins and on polyphenols [15] . It is symptomatic that the relatively high correlation was observed by us in the 3-NT and FRAP tests. We suppose that the formation of the polyphenolic adducts may protect proteins against nitration on a mechanistic way, while the suppression of the direct reactivity of the adducts with oxidants may be less pronounced in the case of small molecules such as ferric ions (FRAP assay) than lipid-derived radicals formed in chain reactions during lipid peroxidation (LOOH and TBARS tests).
Nevertheless, the mechanism behind the observed protective effects was probably a direct and polyphenol-related scavenging of various ROS operating in plasma under the applied experimental conditions. It is consistent with the noticeable scavenging potential of the extracts towards ONOO -and some of the ONOO --derived secondary radicals (OH
•
, NO
• ), as well as with the accumulating evidence of antiradical effects of polyphenols against CO 3
•-and
• NO 2 , formed in the fundamental reaction of ONOO -(with CO 2 ) in biological systems [52] . The protective effects of the extracts in plasma were statistically significant (p < 0 05) at the concentrations as low as 1-5 μg/mL, equivalent to 0.11-3.0 μg GAE/mL, depending on the TPC value. Taking into account the results of the bioavailability studies that reported plasma levels of the model polyphenols (IQ, CHA, and ECA) in the range of 5-15 μM (1.5-5.2 μg/mL) [40, 41, 43] , these concentrations seem possible to be achieved in vivo after ingestion of the analysed extracts. At these concentrations, their polyphenolic constituents might support the endogenous nonenzymatic antioxidant system by, among others, additive or sparing effects on the primary plasma antioxidant-ascorbic acid. It is well established that in various pathologic conditions, the plasma ascorbate level is below the optimal value of 50 μM (8.8 μg/mL) adequate to retain the redox homeostasis, and this decrease is one of the preconditions for the development of oxidative stress-related NCDs [53] . For instance, Deicher et al. [54] indicated that the ascorbate levels less than 32 μM (5.6 μg/mL) are associated with the increased risk of adverse cardiovascular events including myocardial infarction and death. Considering the protective effects of the Sorbus extracts in plasma at physiological levels as well as their antioxidant capacity towards the in vivo-relevant oxidants comparable to that of AA, the extracts might be expected to reduce the negative consequences of the disturbed redox homeostasis in vivo at the appropriate oral doses. In the context of future in vivo applications, it is also of note that at the wide range of concentrations (1-50 μg/mL), the extracts did not exhibit any prooxidant effects, did not deteriorate the viability of PBMCs, and thus may be regarded as safe (Figure 4) .
Oxidative stress in vivo is closely linked with inflammation, and simultaneous influence on both processes is crucial for the effectiveness of antioxidant therapies [3] . In the present study, we investigated the anti-inflammatory potential of Sorbus extracts by determining their inhibitory activity towards three model enzymes involved in inflammation, which are some of the targets proposed for the treatment of inflammatory-related complaints [55, 56] . The first enzyme-LOX-is a prooxidant agent belonging to the family of lipoxygenases, enzymes catalysing the incorporation of dioxygen molecules into polyunsaturated fatty acids and formation of key chemokines and ROS, such as leukotrienes and O 2
•-, associated with the development of numerous NCDs, e.g., atherosclerosis, myocardial infarction/reperfusion injury, rheumatoid arthritis, and cancer [56] . The second enzyme, HYAL, known as a spreading factor, hydrolyses hyaluronic acid, an important constituent of, i.e., endothelial surface layer, the disruption of which causes endothelium dysfunction and increases the instability of the atherosclerotic plate [55] . Our study also included XO, the prooxidant, O 2
•--generating enzyme that plays an important role in various ischemic and inflammatory diseases [57] . The results indicated that the extracts are inactive towards XO but are potent inhibitors of LOX and HYAL (Table 5 ). The inhibitory potential of the most active extracts was at most 1.5-fold lower than that of indomethacin-a commercial nonsteroidal anti-inflammatory drug. The activity towards LOX was found to be dependent on low-molecular-weight polyphenols (relatively well bioavailable), which is promising in the context of possible future application of the extracts. The anti-HYAL capacity was in turn related to poorly bioavailable condensed proanthocyanidins (TPA); the systemic effects of the TPA-rich extracts, especially BF, are thus less likely.
Conclusion
The present paper is the first detailed study of flower extracts of S. aucuparia and provides new insights into their phytochemical composition, standardisation, biological activity, and cellular safety. The results revealed that the extracts accumulate a vast diversity of bioactive polyphenols with the levels and structures promising for the use in the prophylaxis or adjunctive therapy of oxidative stress-and inflammation-related diseases. Some of the phenolic components, such as sexangularetin glycosides, phenylamides, and flavalignans, might be of chemotaxonomic importance and serve as analytical markers for the authentication of the extract origin. The main constituents, such as flavonols and phenolic pseudodepsides of quinic and shikimic acids, which were found responsible for antioxidant and anti-inflammatory activity of the extracts, might be in turn recommended as standardisation targets for routine quality control. Among the extracts, the defatted methanol-water (7 : 3, v/v) extract and its diethyl ether and ethyl acetate fractions appear to be the most advantageous for biological applications, considering both the yield and the activity in comparison to AA and IND. Some of their expected health benefits might be associated with the ability to neutralise multiple oxidants operating in human plasma, protect the plasma components (both proteins and lipids) against oxidative and nitrative damage, and increase the NEAC of plasma, as well as inhibit proinflammatory enzymes, especially LOX. However, although significant antioxidant protection was showed at physiological levels, the real extract effects should be verified in vivo in animal and clinical studies. As the observed effects might be related to possible antiatherogenic, anticoagulant, and antiplatelet functions of the extracts or their ability to influence endothelium, these issues should be first addressed in future research. Total phenolic content (Folin-Ciocalteu assay) GAE:
Gallic acid equivalents TPH:
Total phenolic content (HPLC) TFL:
Total flavonoid content TCFA: Total content of caffeic acid derivatives TCHA: Total content of CHA isomers TPA:
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